Abstract Using a high-resolution (~18 samples/year) major soluble ion record (Na
Introduction
Natural and anthropogenic aerosols play an important role in the climate system, interacting with shortwave and longwave radiation, acting as cloud condensation nuclei, and providing nutrients for biological systems [Tegen et al., 1996; Li-Jones and Prospero, 1998; Zhang and Carmichael, 1999; Mahowald et al., 2005; Karydis et al., 2011] , as well as impacting ecosystems and human health through dust storm activity, acid rain, and other changes in air quality [Lai and Cheng, 2008; Singh and Agrawal, 2008] . Over recent decades, monitoring programs and emission inventories have expanded, allowing better assessment of the variability of natural and anthropogenic aerosols on local to global scales [e.g., Nriagu and Pacyna, 1988; Pacyna and Pacyna, 2001; Smith et al., 2011] . However, these studies are temporally and/or spatially limited and cannot be utilized to assess long-term trends or natural background levels. Ice core records provide the most direct and detailed way to investigate preinstrumental variations, capturing high-resolution, multiparameter physical and chemical records of past atmospheric conditions. Midlatitude, high-elevation glaciers are particularly important sources for ice core records, as they are close to natural dust sources and population centers. Therefore, ice core records retrieved from these glaciers can be used to reconstruct local-to regional-scale aerosol emission histories for chemical species with shorter atmospheric lifetimes (e.g., days) that are nonuniform in atmospheric distribution.
Central Asia is a prime location for the retrieval of ice cores to reconstruct past atmospheric dust concentrations as it contains several of the Earth's highest mountain ranges (e.g., Himalayas, Pamirs, Hindu Kush, Tien GRIGHOLM ET AL.
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Shan, and Altai), as well as the Tibetan Plateau. Central Asia is also one of the Northern Hemisphere's major dust emission sources [Prospero et al., 2002] , including the Taklamakan, Karakum, and Kyzylkum deserts, as well as the Aral Sea region. Dust emissions from Asia have been estimated to be between~10 and 30% of global emissions [Werner et al., 2002; Miller et al., 2004; Tanaka and Chiba, 2006] .
Due to the abundance of natural dust sources in central Asia, atmospheric anthropogenic contributions can be difficult to distinguish. High-elevation central Asian ice cores, further removed from dust influences, are essential in determining both the long-term trends and the relationship between natural dusts and pollutants [e.g., Kang et al., 2007; Kaspari et al., 2009; Hong et al., 2009; Liu et al., 2011; Zhao et al., 2011] . In central Asia, rapid increases of anthropogenic activity began during the 1950s, as the Soviet Union and China expanded industrial and/or agricultural production into central Asia (e.g., Kazakhstan, Uzbekistan, Kyrgyzstan, Tajikistan, and Turkmenistan) and northwestern China (e.g., Xinjiang Province), respectively. Subsequently, natural controls (e.g., circulation patterns and aridity) on central Asian dust deflation processes (frequency and intensity) have been complemented by anthropogenic activities (e.g., irrigation practices, overgrazing, and mining) [Ta et al., 2006] . This coupled system has led to severe regional environmental degradation, resulting in the desiccation of the Aral Sea, which lost~65% of its volume by 1989 and~90% by 2006, exposing vast areas of highly entrainable evaporite salts and pollutants [United Nations Environment Programme, 2003; Micklin, 2007] . Mayewski et al., 1990; Legrand and Mayewski, 1997; Schwikowski et al., 1999a Schwikowski et al., , 1999b Goto-Azuma and Koerner, 2001; Preunkert, 2003] . Previous research on Asian ice cores has revealed that major soluble ions generally represent mineral dust proxies; however, NO 3 À , K + , and SO 4 2À and excess ion concentrations may offer the potential to detect anthropogenic inputs of SO 2 and NO x (NO and NO 2 ) from fossil fuel consumption, as well as emissions of nitrogen/potassium-rich fertilizers [Wake et al., 1992; Zhao et al., 2011] . In the Tien Shan, previous studies on major soluble ions have been limited, with the longest available records representing only a few years (1992) (1993) (1994) (1995) (1996) (1997) (1998) Aizen et al., 2004] . Here we present the first high-resolution (~18 samples/year), multidecadal 
Methodology

Ice Core Recovery and Analysis
In the summer of 2000, a joint ice core drilling expedition from the Climate Change Institute (CCI) at the University of Maine, the University of Idaho, and the University of New Hampshire was conducted on the Inilchek Glacier. Two ice cores were retrieved from the accumulation zone using the ECLIPSE solar powered electromechanical drill [Blake et al., 1998; Gerasimoff and Wake, 2001] and were returned frozen to the U.S. for analysis [Kreutz et al., 2003] . Englacial temperature profiles at the site indicated À12°C between 10 m and 50 m and À11.2°C at 100 m and 160 m, and stratigraphy revealed negligible snowmelt ) at the CCI, using a Dionex DX-500 ion chromatograph. A statistical summary of major soluble ions, Whirlpak blanks, and instrument detection limits is presented in Table 1 . Stable water isotopes (δ 18 O and δD) and major and trace elements (Al, As, Ca, Cd, Co, Cr, Cu, Fe, Li, Mn, Na, Pb, S, Ti, and V) were also analyzed and are presented in Grigholm et al. [2016] .
The Inilchek depth-age scale is presented in Figure 2a . The ice core was annually dated back to 1908 using seasonal variations of stable water isotopes (δ 18 O and δD) and element species [Grigholm et al., 2016] .
Furthermore, the time scale was verified using 137 Cs to identify nuclear bomb test horizons. Grigholm et al.
[2016] provide detailed information on the depth-age scale including dating uncertainties of ±0 years at 1963 (~78 m) and ±1 years at 1923 (~138 m) and ±3 at 1908 (159 m).
Results and Discussion
Subannual Variability and Common Variance
Subannually resolved major soluble ion concentration records spanning 1908-1995 (~18 samples/year) are displayed in Figure 2a , and a statistical summary of the time series is provided in Table 1 . The major soluble ion chemistry is primarily characterized by crustal dust aerosols such as Ca 2+ , a common dust tracer, which represents~55% of the total ion burden, reflecting dominant dust sources. Subannual comparisons to δD, a seasonal (warm/cold periods) temperature proxy (Figure 2b ), suggest considerable interannual variability of ion deposition, which is likely a result of varying seasonal atmospheric dust entrainment occurring primarily in central Asia between spring and autumn [Indoitu et al., 2012] .
Empirical orthogonal function (EOF) analysis was conducted on the subannual samples to assess common variance and potential interspecies associations (e.g., transport pathways and sources) ( 
Journal of Geophysical Research: Atmospheres
10.1002/2016JD025407
(KCl)), and carbonates (e.g., calcite (CaCO 3 ) and magnesite (MgCO 3 )), while EOF 3 is likely represented by only carbonate sources. Calcite is strongly suggested to be the dominant source of Ca 2+ throughout the ice core record, as the mean mass ratio of Ca:SO 4 2À is~4.6, significantly higher than gypsum/anhydrite (0.27). EOF 2, representing~12% of the total variance, does not suggest a primary crustal source, as it is dominantly loaded by NO 3 À (~63%), which is strongly suggestive of noncrustal source(s) (e.g., biomass burning, NO x gases, and/or nitrogen-rich fertilizers). The lack of any eigenvector capturing a significant marine source (i.e., separate loading of Na + and Cl À ) at Inilchek is expected as long-distance transport and deposition of sea salts is likely negligible .
Twentieth Century Trends
Annual concentrations of Inilchek major soluble ions from 1908 to 1995 are presented in Figure 3 . Annual concentrations were utilized rather than flux, as dry versus wet deposition rates are not well constrained, and there is no significant correlation between annual concentrations and annual net accumulation rates 
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to justify flux corrections. Robust splines were calculated (tension 0.01) to remove short-term interannual variability and assess decadal-scale trends. Here we divide the twentieth century concentration trend discussion into two periods: (1) pre-1950 (1908-1950) and (2) post -1950 (1951-1995) . The year 1950 was selected as a demarcation year as anthropogenic activity increased significantly in the region close to this time. A correlation matrix was calculated to compare varying interspecies behaviors between the time periods noted above ( Although large sporadic peaks in annual concentrations are present, one of the more notable features in the Inilchek record is the anomalously large multiyear (1928) (1929) (1930) (1931) concentration peak in all ions species. This period coincides with an extreme drought event in northwest China from 1928 to 1929 [Hong et al., 2014] and may represent enhanced evaporate transport from expanded source regions at the time. The enhanced background concentrations during this period coincide with lower annual accumulation rates and seasonal temperature proxies (δD and δ 18 O) suggestive of cooler summer temperatures and potentially reduced winter precipitation (Figure 4 ).
Climatic Controls
Satellite era European Reanalysis Interim (ERA-Interim) data (0.75°× 0.75°global grid) was used to investigate possible interannual spatial-temporal relationships between Inilchek Ca 2+ and climate parameters [Berrisford et al., 2011] . Comparisons of Ca 2+ to seasonal pressure, wind velocity, temperature, and precipitation reanalysis data revealed the strongest associations with pressure. Although regionally enhanced dust entrainment occurs throughout the spring to autumn period (March-November), the strongest spatial associations (correlation coefficients between 0.6 and 0.8 and p ≤ 0.01 and ≤ 0.001, respectively (two tail)) between Inilchek Ca 2+ and geopotential height (GPH) at 850 mbar were observed during spring (MAM), a common dust peak season in varying regions of central Asia (e.g., Taklamakan desert) ( Figure 5 ). These spatial correlations coincide with the general position of the Siberian High (SH), which has strong impacts on regional circulation patterns [Aizen et al., 1997] . The observed negative correlations between GPH 850mb and Ca 2+ may suggest that as pressure is reduced, atmospheric dust concentrations increase. Relatively lower pressure may be associated with enhanced regional cyclonic activity and/or a weakening or shift in the strength and position of the SH. These singular or coupled scenarios impact regional pressure gradients that can influence the magnitudes and frequencies of cyclonic storms (i.e., storm formations and/or the blocking of westerly air masses that can influence storm tracks). Comparisons to wind velocity, temperature, and precipitation revealed no strong interannual regional associations.
Regional Dust Storm Activity
Regional studies concerning dust storm frequency and distribution within the FSU countries (e.g., Kazakhstan, Uzbekistan, and Turkmenistan) for the time period indicate that the 1940s-1960s were the dustiest period, followed by regional decreases in the 1970s and 1980s, that remained low through the 1990s [Indoitu et al., 2012] . Similarly, dust storm frequency in Xinjiang (e.g., Taklamakan desert) in northwestern China, also exhibited decadal declines from the 1950s and 1960s to the end of the 1990s [Qian et al., 2002; Wang et al., 2004] . However, this record is temporally limited and does not provide any pre-1950s observations. Although also temporally limited , the closest known dust storm record, from Kalpin, Xinjiang (located 180 km southwest from the Inilchek site) (Figure 1a) , reveals similar declining decadal trends to Ca 2+ [Xiao et al., 2008] (Figure 6) . Additionally, the more distal source region, Erbent, Turkmenistan (Karakum desert) (Figure 1a ), a potential dust source region Aizen et al., 2004] , also reveals similar trends to Ca 2+ and is in agreement with regional studies.
Xiao et al. [2008] attributed the declining annual dust storm days since the 1960s at Kalpin primarily to a combination of decreased wind velocities and increased precipitation. However, previous work on dust storms throughout central Asia, utilizing local weather stations, has attributed these declines to various coupled climatic and anthropogenic factors [Ta et al., 2006; Indoitu et al., 2012] . Central Asia's dust storm frequency has been linked to human activities such as large-scale Soviet agricultural development in Kazakhstan and Uzebekistan in the 1950s (i.e., the Virginland's campaign) [Indoitu et al., 2012] . Additionally, Ta et al. [2006] found strong positive correlations between dust storm frequency and intensified anthropogenic activities (e.g., land reclamation, industrialization, and construction) related to mass migrations to northwest China (i.e., Tarim Basin) which peaked in the 1950s. The early 1960s marks the onset of the human induced desiccation of the Aral Sea [Micklin, 2007] , which coincides with prominent increases in evaporate mineral proxy concentrations (e.g., SO 4 2À (gypsum/anhydrate) and Na + (halite)) at Inilchek. However, Inilchek proxies reveal declines by the early to mid-1970s, while Aral Sea desiccation has continued steadily to the present [Micklin, 2007] .
Potential Anthropogenic Contributions at Inilchek
To help identify and estimate potential contributions of anthropogenic inputs, excess calculations were utilized to estimate noncrustal contributions of the major soluble ion suite, using the equation:
, where x = element of interest, r = conservative crustal element, and R = reference ratio [x/r]. R represents an Inilchek ice core ion ratio from the 1908-1920 reference baseline determined by linear regression analysis. The time period 1908-1920 was selected as it is the oldest part of the ice core. Conservative crustal species were selected based on the strongest direct interspecies associations with the potential pollutant species (K + , Cl À , NO 3 À , and SO 4 2À ) investigated during the pre-1950 period (Table 3. ). Na + displayed the strongest relationships to the majority of species investigated (i.e., SO 4 2À (r = 0.92), K + (r = 0.88), and Cl À (r = 0.99)), with the exception of NO 3 À , which displayed the strongest, albeit relatively weak (comparatively) interspecies relationship to Ca + (r = 0.58). In addition to quantifying potential noncrustal excess concentrations, NO 3 À , K + , SO 4 2À , and Cl À are compared to compiled historical records of anthropogenic emissions, production, and/or consumption to help verify potential anthropogenic sources (Figure 7 ). Robust splines of excess concentrations are presented to highlight multiyear trends.
NO 3
À trends exhibit much weaker associations to the other major ion species, and therefore, direct concentrations may be more representative of actual anthropogenic inputs than excess concentrations, although we also compare excess calculations for consistency. NO 3 À comparisons to FSU NO x emissions and FSU nitrogeneous fertilizer consumption (Figure 7a ) reveal similar trends; however, more dominant inputs are suggested from fertilizer, as peak concentrations coincide with peak fertilizer consumption (Data from the Food and Agriculture Organization (FAO) [2016] . Declines in fertilizer consumption in the middle to late 1980s through the 1990s may be attributed to national scale Soviet agricultural policies during the Gorbachev reform era (e.g., Perestroika), which began in 1985, and the collapse of the Soviet Union in the early 1990s [Miller, 2016] . We note that inputs also originate from Xinjiang, although they are likely minor as Xinjiang fertilizer use increased dramatically in the 1990s [Leiwen et al., 2005] . The presence of nitrogen-rich fertilizer contributions at Inilchek was suggested previously in a shallow ice core (1992) (1993) (1994) (1995) (1996) (1997) (1998) 
utilizing excesses in NH 4
+ . NOAA Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) back trajectory frequency analysis ( Figure 1b ) and spatial/temporal distributions (e.g., 1985 and 1995) of NO x emission from agricultural soils (Figure 8a ) suggest a likely major source of fertilizer to be central to eastern Uzbekistan (e.g., Fergana Valley).
Decadal excess-K + trends suggest discernable noncrustal inputs beginning early in the 1970s, followed by rising concentrations into the late 1980s and subsequent declines to the mid-1990s. During the highest concentrations in the 1980s, excess-K + represents~50% of the total K + load and corresponds to trends with FSU potash fertilizer (e.g., KCl) consumption, which is produced and consumed by FSU nations in central Asia. Similarly, as with nitrogenous fertilizers, potash consumption peaks in the middle to late 1980s, potentially reflecting new Soviet policies (e.g., Perestroika). Additional sources of excess-K + may include contributions of natural/anthropogenic biomass burning in the region; however, we are unaware of any local/regional records that are available for comparison. 
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Excess-SO 4 2À , utilizing Na + as a crustal reference species, suggests discernible anthropogenic inputs by the 1950s and exhibits generally steady increases until the middle to late 1980s, followed by declines into the mid-1990s. Comparisons to estimated total Uzbekistan and Kyrgyzstan coal SO 2 emissions reveal similarities to excess-SO 4 2À trends, which are particularly highlighted by rapid increases from 1960 to the late 1980s and rapid declines post-1990, resulting from the collapse of the FSU (Figure 7c ).
Primary source emission regions of SO 2 , as based on HYSPLIT back trajectories (Figure 1b ) and geographical distributions, suggest the highly industrialized Fergana Valley as a major source of SO 4 2À (Figure 8b ). Xinjiang industrial increases (e.g., coal consumption) is not suggested in Inilchek excess-SO 4 2À , unlike the trace element concentrations (i.e., Pb, Cd, and Cu), which reveal large increases during the 1990s, as industry expanded in western China [Grigholm et al., 2016] . During the 1980s and 1990s excess-SO 4 2À represented 50% of the total annual SO 4 2À load. Support for these significant quantities of anthropogenically sourced SO 4 2À , relative to dust contributions at Inilchek, is supported by Pruett et al. [2004] , which utilized δ 34 S samples in a 1999 Inilchek summer snowpit and estimated anthropogenic contributions of SO 4 2À at~40%.
We also examine excess-SO 4 2À concentrations using Ca 2+ as a reference for comparison, as we recognize that the majority of crustal SO 4 2À derives from gypsum (CaSO 4 ). However, utilizing Ca 2+ as a reference introduces greater uncertainties into excess calculations due to the dominant calcite (CaCO 3 ) loading and the lack of measured CO 3 2À concentrations necessary to help estimate contributions of calcite versus gypsum derived Ca 2+ . Therefore, Na + , which, as previously mentioned, shares a stronger interspecies relationship with SO 4 2À , is the more accurate reference species. Excess calculations utilizing Na + and Ca 2+ crustal references revealed similar long-term trends, although Ca 2+ -derived excess calculations displayed noncrustal contributions that were~10% lower during the 1980s and 1990s.
Examination of multiyear trends of excess-Cl À concentrations suggests increases beginning in the 1960s and rising rapidly in the mid-1970s, followed by declines in the mid-1980s and relatively low excess concentrations in the 1990s. Potential sources of excess-Cl À include anthropogenic emissions of HCl derived from coal burning and waste incineration of polyvinyl plastics [National Research Council (US), 2007; Sanhueza, 2001] . Long-term trends show similarities to FSU (e.g., Uzbekistan) coal emissions, which continued to rise into the 1980s [Smith et al., 2011] . In addition to coal, polyvinyl chloride (PVC) production doubled in the Soviet Union between 1970 and 1980 [Jensen et al., 1983] . Unfortunately, additional PVC production data are not available, to our knowledge. Interestingly, the abrupt rise and decline in excess-Cl À is not observed in other excess species and coincides with expansions of chlor-alkali production at the Pavlodar Chemical Plant (PCP) (52.27°N 77.00°E) in Kazakstan that manufactured caustic soda (NaOH) and Cl 2 for military and commercial purposes (only NaOH data were available) [Lushin et al., 1990; Bozheyeva, 2000] . The plant operated between 1973 and 1993, however, military production (e.g., binary nerve agents) stopped in 1987 when the Soviet Union ratified the Convention on Chemical Weapons Ban [Bozheyeva, 2000] . Additionally, in 1987 Additionally, in -1988 commercial chlor-alkali production was replaced with newer methods employing mercury cathodes, which could explain the rapid reduction in excess-Cl À concentrations (L. V. Yakovleva et al., Management of Mercury contamination and its monitoring at Pavlodar, Kazakhstan. Mercury Pollution at Pavlodar, 2016, http://hg-pavlodar.narod.ru/en/bm/biomercury.htm#p_1.2). As Cl À may have multiple anthropogenic sources, here we note the limited data available to access the regional-scale chlor-akali production, waste incineration, and PVC production that may additionally help interpret excess-Cl À trends.
Regional Ice Core Comparisons
Eurasian ice core records are presented in Figure 9 to illustrate regional onsets of anthropogenic contribu- [Preunkert et al., 2000] , Colle Gnifetti [Preunkert, 2003] , West Belukha , Inilchek, Muztagata [Zhao et al., 2011] , Guliya [Thompson et al., 1997] , Puruogangri [Thompson et al., 2006] Geladaindong [Grigholm et al., 2015] , Dasuopu [Thompson et al., 2000] , and Everest [Kaspari et al., 2009] . (b) SO 4 2À records for Col du Dome [Preunkert et al., 2001] , Colle Gnifetti [Preunkert et al., 2001] , West Belukha , Inilchek, Muztagata [Zhao et al., 2011] , Guliya [Thompson et al., 1997] , Puruogangri [Thompson et al., 2006] Geladaindong [Grigholm et al., 2015] , Dasuopu [Thompson et al., 2000] , and Everest [Kaspari et al., 2009] (Figures 9a and 9b) , as well as the presence of high natural background dust concentrations [Thompson et al., 1997 [Thompson et al., , 2006 Grigholm et al., 2015] . Closer to industrial and anthropogenic sources in the Indian subcontinent, the Dasuopu (Himalayas) ice core displays a long-term increasing trend to 2000 in both NO 3 À and SO 4 2À , beginning in the 1950s [Thompson et al., 2000] . The Everest ice core, farther east, displays multiple large abrupt increases in NO 3 À and SO 4 2À in the 1980s and 1990s; however, no long-term trends are apparent [Kaspari et al., 2009] . Instead, the similar trends may be a result of international markets and/or regulations that influence global production, consumption, and incineration of source materials. West Belukha reveals large variability with general increases into the early 2000s, likely a result of PVC production and/or incineration that continued to increase through the end of the record, rather than from coal emissions that continued to decline in both Europe and the FSU through the end of the record [Smith et al., 2011] .
Excess-Cl
Conclusions
This study presents the first high-resolution, multidecadal , and SO 4 2À ) ice core record from Inilchek glacier in the Tien Shan, eastern Kyrgyzstan. Subannual interspecies major soluble ion EOF analysis suggests that Inilchek has two primary dust inputs, one representing a combination of evaporite minerals (e.g., chlorides, sulfates, and carbonates) and the other a dominant calcium carbonate source, while NO 3 À loaded separately is indicative of a potential anthropogenic source. All major soluble ions revealed considerable interannual deposition timing, potentially reflecting the varying seasonal atmospheric dust entrainment that occurs throughout central Asia between spring and autumn. However, comparisons with ERA-Interim reanalysis data (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) 
